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We develop an effective-model description arising from a recently proposed scale-invariant hid-
den scalar-QCD, which has been used to explain the dynamical origin of the electroweak scale.
In addition to the previous works, our new effective model includes the dynamical scale-anomaly
effect from the hidden QCD gluons, to explicitly break the classical-scale invariance at the level of
an effective field theory, which is known as the leading-order scale-symmetry (LOSS). In the phe-
nomenological analysis, the proposed model predicts a light composite dilaton composed of hidden
scalar quarks and gluons with the mass around electroweak scale (around 280 GeV), and has only
one input parameter, which is the mixing angle between the Higgs boson and the composite dilaton.
Our result for the dilaton mass is in accord with the lattice simulation for scalar QCD, where the
scalar-quark bound states acquire a large effective mass from the hidden gluon contribution. Fur-
thermore, we predict several significant deviations from the SM, like the diHiggs production cross
sections (maximally about 10 times larger than the SM prediction), that could be directly tested at
the high luminosity LHC. It is also the first study for the diHiggs production signal predicted from a
scale(conformal)-invariant hidden sector, even from dark/hidden QCD. Our proposed effective model
is thus significantly different than the conventional realization of scale-invariant hidden-scalar QCD
without the scale anomaly effect, and can potentially provide a competitive explanation for many
exotic phenomena beyond the standard model, such as new dark matter candidates and a strongly
first-order electroweak phase transition.
PACS numbers:
I. INTRODUCTION
It is no doubt that the standard model (SM) meets
perfectly with nearly all of experimental results in high-
energy physics. However, from a theoretical point of
view, the critical part in construction of the SM seems
to be artificial: a negative mass-squared term for the
Higgs field is introduced by hand to generate a nonzero
vacuum expectation value that finally breaks the elec-
troweak (EW) symmetry. Thus, it is still natural to ask
“what is the most fundamental nature behind this arti-
fact?” Moreover, if the SM is supposed to be a funda-
mental theory up to the Planck scale, then an extremely
large quadratic divergence on the Higgs mass will arise
from the quantum correction, that eventually produce
a highly-accurate fine tuning for the Higgs mass, which
is known as the fine-tuning problem regarding the EW
symmetry breaking. Therefore, it would be suspected
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that a more fundamental theory should exist beyond the
SM, which should explain the genesis of the EW scale in a
more reasonable way to avoid such a fine tuning problem.
On the way to going beyond the SM, conventionally
we may start from what we have confirmed in the exper-
iment, say, by taking into account the existence of the
dark matter (DM), the observation of the neutrino os-
cillation, and the presence of several CP violations, etc.
Meanwhile, we may also get some indirect hints from the
currently ongoing experiments: no direct evidence has
been found. That would imply null direct correlation be-
tween the SM and a new physics in terms of the current
observational sensitivity, hence would urge us to consider
a scenario with scale-invariance.
A recently proposed hidden scalar QCD [1] is one of
such kind of scenarios, which is build with the classical-
scale invariance incorporated as a solution for the fine-
tuning problem #1 and allows only the Higgs to couple
#1 Strictly speaking, the classical-scale invariance may not be a so-
lution to the gauge hierarchy problem. This kind of scenario
2to the hidden QCD. In the typical scenario of hidden
scalar QCD, the Higgs mass term is replaced by a Higgs
portal coupling to a singlet scalar field (S) having the
hidden QCD charge, so that the EW-symmetry break-
ing scale can be dynamically generated from a nonper-
turbative condensation of S†S through the Higgs portal
term [1]. Therefore, it is possible to explain the scalege-
nesis of the EW symmetry by the hidden scalar QCD.
What’s more, the hidden scalar QCD also naturally
includes DM candidates because of the possible existence
of stable scalar hadron states [1, 4]. Furthermore, it is
also possible to realize a strongly-first order EW phase
transition and a detectable primordial gravitational wave
signals, as long as the Higgs portal coupling can be large
enough [5, 6].
Thus, the hidden scalar QCD possesses a potential to
explain the dynamical origin of the EW scalegenesis and
provides rich related phenomenological consequences ac-
cessible in the future experiments.
However, this scenario may still lack important ingre-
dients. To capture such a possibly missing point, we
may make use of the powerful tools about the effective
theory of fermionic QCD. In the fermionic QCD case,
it is believed that the gluon condensation effect arising
from the nonperturbative-scale anomaly can be impor-
tant for the low-energy effective theory of QCD, espe-
cially for the origin of hadron mass. Recently, based on
this consideration, a chiral-scale effective theory has been
built [7], where the scale anomaly was introduced as an
essential effect to generate hadron masses. Combined
with the classical-scale invariance, this minimal inclusion
of the scale anomaly is known as the leading-order scale-
symmetry (LOSS).
In this paper, we propose an effective model for hid-
den scalar QCD at the LOSS limit with the gluonic effect
incorporated as the nonperturbative-scale anomaly. Our
estimation about the gluonic contribution in the mass
of hidden-scalar QCD meson may be consistent with the
lattice simulations [8–10], as well as some nonperturba-
tive analysis [11, 12], about the estimation of dynamical
mass of diquark bound state in the ordinary QCD, in
which the diquark can play a role of a colored scalar. It
is demonstrated that the proposed model based on the
LOSS gives a definite prediction to diHiggs signals at the
LHC, in correlation with a significant deviation from the
SM on the Higgs coupling measurement. This result is
manifestly a smoking-gun of the LOSS limit, which will
would need to invoke a very stringent assumption about the UV
physics: no hard thresholds should arise even including gravity.
For detailed discussion about such assumptions and the quan-
tum gravity, for example, see references [2, 3], on that the orig-
inal scale-invariant scalar QCD model [1] we presently quote is
based. Though it is still controversial, it would be worth explor-
ing the phenomenology if the classical- scale invariance could
somehow be realized (by coincidence) at the low-energy scale.
That is our point of view on a theoretical ground for what we
try to investigate through the present study.
open a new avenue for the phenomenological probe of
the hidden scalar QCD scenario, other than those so far
explored, such as DM physics, a strongly-first order EW
phase transition, and gravitational waves detectability.
This paper is structured as follows. In Sec. II, we stat
from a brief review on a classical-scale invariant-hidden
scalar QCD sector and its possible low-energy descrip-
tion governed by low-lying scalar QCD hadrons in part
A. Thereafter in part B we claim the importance of the in-
clusion of nonperturbative (gluonic-) scale anomaly, and
the importance to introduce the LOSS limit. Then in
part C the light composite dilaton with the mass around
280 GeV is shown to be a natural consequence of the
hidden-scalar QCD at the LOSS limit. In Sec. III we
make several phenomenological predictions from our pro-
posed model, such as the decay properties of the pre-
dicted light composite dilaton (in part A), the effects on
the Higgs trilinear coupling (in part B), the estimation
on the diHiggs production cross section (in part C), as
well as the estimation on other dilaton-resonant channels
like the sensitive resonant di-EW boson production cross
section (in part D). Finally, Sec. IV is devoted to sum-
mary of this paper and prospect on the LOSS for some
future researches on the DM, as well as an issue on the
EW phase transition.
II. SCALE-INVARIANT HIDDEN-SCALAR QCD
IN THE LOSS LIMIT
Let us begin with a review of a classically-scale
invariant-hidden scalar QCD. As in the literature [1], we
assume that there exist some SM-singlet scalars (Sai ),
which are strongly coupled via a hidden scalar QCD
gauge interaction, with the hidden flavors i = 1, 2, ..., Nf
as well as the hidden QCD charges a = 1, 2, ..., Nc under
the hidden gauge group SU(Nc). Briefly speaking, this
scenario is just an easy extension of the SM by replacing
the Higgs mass term with the hidden scalar QCD sec-
tor plus a Higgs portal coupling, which can overall be
described by the following Lagrangian:
L = −1
2
tr[GµνG
µν ] + (DµSi)
†(DµSi)
+λHS(H
†H)(S†i S
i)− λH(H†H)2
−λS1(S†i Si)(S†jSj)− λS2(S†i Sj)(S†jSi) , (1)
where Dµ = ∂µ − igSGµ, with gS being the coupling
constant of the hidden scalar QCD, H is a Higgs doublet
having the same charge as the one in the SM, and the
Gµ =
∑N2c−1
A=1 G
A
µ (t
A/2) correspond to the gauge fields
coupled with the generators of SU(Nc) group, (t
A/2).
At the classical level, the whole system possesses the
hidden SU(Nc) gauge symmetry and a U(Nf ) global
symmetry, as well as the classical-scale invariance. Due
3to the asymptotic freedom of the strong dynamics #2, at
a low-energy scale, the gauge coupling gS grows up to be
nonperturbatively large, driving the dynamical formation
of an U(Nf )-invariant scalar-bilinear condensate
#3:
〈(S†i Sj)〉 = 〈
Nc∑
a=1
Sa†i S
a
j 〉 ∝ δij , (2)
which breaks the classical-scale invariance spontaneously.
It also induces a negative Higgs mass term proportional
to λHS〈S†S〉 #4, to dynamically generate the EW scale
(v ≃ 246GeV). In this sense, the origin of the EW-
symmetry breaking and the classical-scale symmetry-
breaking can be explained simultaneously by the hidden
scalar QCD [1].
As in the case of the ordinary QCD, the color confine-
ment will also be triggered dynamically, so that the low-
energy dynamics will be governed by composite states
like scalar mesons and scalar baryons. In the litera-
ture [1], a low-energy effective model was proposed in
a way analogously to the quark-meson model for the or-
dinary QCD, and the scalar QCD meson physics was dis-
cussed. There it was assumed that the generation of the
scalar meson mass is dominated by the scalar conden-
sate contribution as in Eq.(2), so that the scale anomaly
effect can be treated as a sub-leading order perturba-
tion of the scale symmetry. However, as will be clearly
demonstrated later, it turns out that the nonperturbative
scale anomaly effect coming from the gluon condensation
should also be incorporated as a crucial ingredient in em-
ploying a low-energy description for the hidden scalar
QCD.
A. Scale-invariant linear sigma model
As a low-energy description for the scale-invariant hid-
den scalar QCD with colored scalars in the fundamental
representations, we can consider a linear sigma model
#2 If we assume that these scalar fields interact in the fundamental
representations, then the existence of the asymptotic freedom for
the scalar QCD (at least one-loop level) implies that the numbers
of colors and flavors are constrained to satisfy 11Nc > Nf .
#3 Note that the Vafa-Witten theorem [13] protects the nonper-
turbative vacuum to be parity invariant, where the parity could
definitely be assigned to the complex scalar Si when it is allowed
to couple to the SM fermions via gauging the SM charges, for
instance. Hence the condensation composed of odd number of
scalars like 〈SiSjSk〉 will not arise at the global minimum.
#4 As in the original scenario of the hidden scalar QCD [1] (and also
in the original idea of EW symmetry breaking via the ordinary
QCD with colored scalars [14]), the sign of the portal coupling
λHS (and the related λHM in Eq.(3) and λHχ in Eq.(4)) has to
be negative to trigger the Higgs Mechanism in the SM. However,
unlike the SM, the classical scale invariance protects the hidden
scalar QCD from a quadratic divergence even if we run the theory
to the UV scale, and thus protects the model from the fine-tuning
of the Higgs mass term.
constructed from the scalar mesons and baryons, denoted
as S†i Sj ∼Mij and SiS†jSk ∼ Bijk , respectively, just like
the fermionic QCD case. With the U(Nf ) global symme-
try and the classical scale invariance, the most general
Lagrangian can be written as follows:
Leff = tr[(∂µM)(∂µM)] + (∂µB†)(∂µB)
−λB1B†B(tr[M2])− λB2B†B(tr[M ])2
−λM1(tr[M4])− λM2(tr[M2])2 − λM3(tr[M ])4
+λHM (H
†H)(tr[M ])2 , (3)
where it is assumed that all λ’s are positive, and the
trace is taken over all flavor indices with the normaliza-
tion for the U(Nf) generators, tr(TaTb) =
1
2
δab. After
decomposing the field M into the U(Nf)-flavor singlet
and adjoint parts (denoted as χ and Aa0 , respectively) as
Mij =
1√
2Nf
χδij + A
a
0T
a
ij , we can redefine the coupling
constants to write down the effective Lagrangian:
Leff = −λH(H†H)2 − λχχ4 − λabcdA0 Aa0Ab0Ac0Ad0
−λA0χAa0Aa0χ2 − λBχB†Bχ2 − λabcχA0χAa0Ab0Ac0
−λBA0B†BAa0Aa0 + λHχ(H†H)χ2 + · · · . (4)
As to the phenomenological consequence for the scalar
baryon B and U(Nf )-adjoint mesons A0, we will make
give some comments in the later section, and hereafter
will focus on the singlet scalar χ coupled to the Higgs
field H .
The target potential terms are then extracted as
V (H,χ) = −λHχ(H†H)χ2 + λH(H†H)2 + λχχ4 . (5)
Defining the vacuum expectation values for χ and H as
〈χ〉 = η and 〈H〉 = (0, v/√2)T , we assume this potential
to reach it’s minimum at the stationary condition:
∂V (v, η)
∂η
= 0 ,
∂V (v, η)
∂v
= 0 , (6)
which has the solutions:
v2 =
λHχ
λH
η2 ,
λχ =
λ 2Hχ
4λH
. (7)
Not surprisingly, the potential has a flat direction along
both the η and v axes, where the vacuum expectation
value of χ (η) generates the nonzero vacuum expectation
value of the Higgs field H . In other words, we sponta-
neously break the EW symmetry as well as the scale sym-
metry simultaneously, just like what we have analyzed
about the breaking structure in the underlying hidden
scalar QCD in the previous arguments.
Around the flat direction, we may find the physical
spectra for scalars. To examine that, let us take the
4unitary gauge for the EW gauges, so that we can easily
expand the potential by shifting fields like χ→ η+χ and
H → 1√
2
(0, v + h)T , to get the mass terms:
1
2
m2hh
2 +
1
2
m2χχ
2 − 2λHχvηhχ , (8)
with m2h = 2λHv
2 and m2χ = 2λHχv
2. The last term
reflects the mixing between H and χ. Actually, the de-
terminant of this mixing matrix turns out to be zero,
implying that a physical massless scalar boson. Thus a
massless dilaton appears as the Nambu-Goldstone boson
for the spontaneous-breaking of scale-invariance, known
as scalon [15]. But we must note that actually the
scale symmetry is merely an approximation and is as-
sumed to be explicitly broken by the quantum cor-
rections, which eventually produce a massive pseudo
Nambu-Goldstone boson, just like pions in the ordinary
QCD. As will be clarified later, a possible inclusion of the
nonperturbative-explicit scale-symmetry breaking effect
into this toy model will allow us to have a heavy enough
massive composite dilaton.
Actually, the nonperturbative-explicit breaking effect,
i.e., the nonperturbative scale anomaly signaled by the
gluon condensate, can be closely tied also with the scalar
QCD hadron spectra: in [8–10] the first lattice simulation
was performed for SU(3)c scalar QCD, showing that all
of the scalar-quark hadrons obtain large quantum correc-
tions dominantly from gluons, i.e., the gluon condensate
without the chiral symmetry breaking. The estimated
mass was shown to be as large as the scale of (inverse
of) the lattice spacing, i.e., the cutoff scale (say, the in-
trinsic scale of the hidden scalar QCD, ΛhQCD), which
can be understood as the usual quadratically divergent
quantum correction to the scalar mass, just like the Higgs
in the SM. Besides, a non-perturbative analysis with the
Schwinger-Dyson formalism was also carried out [11, 12],
where it was shown that the mass of diquark bound
state (which acts as a colored scalar in scalar QCD) is
dynamically generated from the nonperturbative-gluonic
dressing-effect. These results support the nonperturba-
tive gluonic effect to be one of the important missing keys
for predicting the realistic scalar QCD hadron spectrum.
To properly incorporate such an important gluonic ef-
fect into effective models for scalar QCD as the main
mass-scale generator, in the present study we shall adopt
some recent idea, dubbed a chiral-scale effective model,
which has been developed as a low-energy description of
the fermionic QCD [7]. As will be clarified below, this
idea can properly realize the important gluonic contribu-
tion playing the role of the mass-scale generator through
the nonperturbative-explicit breaking of the scale invari-
ance #5.
#5 In addition to the chiral-scale symmetry structure, the color con-
finement effect of these strongly coupled scalar fields can also be
important, especially for the vacuum structure and phase tran-
B. Leading-order scale symmetry
As we discussed above, it is essential to remove the
strong constraint of the classical scale invariance to
give a mass to the dilaton, and also to include a non-
perturbative gluonic effect from the underlying dynam-
ics. One possible access to achieve them is to introduce a
small explicit breaking term characterized by a breaking
parameter a arising from the scale anomaly, which is con-
ventionally known as the leading order scale symmetry
(LOSS) in the fermionic QCD [7]:
LLOSS = Leff − λaη4
(
χ
η
)4+a
, (9)
where Leff is given in Eq.(6), and λa is a dimension-
less coupling constant and has been normalized by the
vacuum expectation value of dilaton (η). The explicit-
breaking parameter a(6= 0) acts actually as an anoma-
lous dimension for the gluon condensate, as will be seen
later. This Lagrangian then no longer possesses the
classical-scale invariance, but can still have an approx-
imate scale symmetry if the explicit-breaking parameter
a is small enough. In that case, the scale symmetry is
explicitly broken minimally and only at the dilaton po-
tential, which is the reason why it is called the leading
order scale symmetry (LOSS).
To see how this explicit breaking term originates from
the quantum gluonic corrections, we may only concen-
trate on the self interaction terms for the χ in Eq.(9), and
derive the partially-conserved dilaton-current (PCDC)
relation associated with the dilatation current Dµ =
θµνx
ν . So, now suppose we have a potential:
VLOSS(χ) = λχχ
4 + λaη
4(
χ
η
)4+a , (10)
then we can easily write down (the symmetric part of)
the trace of the energy-momentum tensor that equals to
the derivative of dilatation current:
T µµ = ∂µD
µ = δDL = −(a · λa) · η4
(
χ
η
)4+a
, (11)
where δD is an infinitesimal variation under the scale
transformation. Using the χ-mass formula derived from
sition. However, to discuss color confinement, we need more as-
sumptions as well as lattice results to show that the scalar QCD
behaves exactly the same as the fermionic QCD, as was discussed
in [1]. One recent paper [16] tried to include the Polyakov loop
effect into the effective model for this hidden scalar QCD and
then found a significant enhancement to the energy density of
the gravitational waves background produced from a first-order
scale phase transition. So just like the fermionic QCD, the ef-
fective model for a scalar QCD is also extremely complicated,
where the inclusion of color confinement can also be important
within some context. However, this interesting issue is beyond
scope of our present study.
5the potential in Eq.(10), m2χ = (a ·λa)(4+ a)η2, we eval-
uate Eq.(11) at the vacuum with χ = η as
〈T µµ 〉 = −
m2χη
2
4 + a
. (12)
This is the PCDC relation corresponding to the scale
anomaly effect from the last term in Eq.(10). Note from
Eq.(12) that the scale dimension of T µµ has been modified
from the canonical dimension 4, by an anomalous dimen-
sion a of the gluon condensate evaluated at some infrared
scale, say, the hidden QCD scale ΛhQCD = O(TeV):
d[T µµ ] = d[(Gµν)
2] = 4 + a. Thus the parameter a surely
plays the role of the anomalous dimension of gluon con-
densate.
C. The LOSS model
Now we are ready to incorporate the nonperturbative-
scale anomaly effect into the linear sigma model by tak-
ing the LOSS limit. The a-anomalous dimension term
in Eq.(10) together with the Higgs potential and portal
coupling parts in Eq.(5) then leads to a deformed flat
direction:
v2 =
λHχ
λH
η2 ,
λa + λχ =
λ 2Hχ
4λH
. (13)
Around this new vacuum, the physical Higgs and dilaton
fields (h′, χ′) arise through the mixing structure similar
to Eq.(8) as
χ′ = χ cos θ − h sin θ
h′ = χ sin θ + h cos θ . (14)
Then one finds the masses of the h′ and the χ′ expressed
like
m2h′ = 2
(
cos2 θ
cos 2θ
λH − sin
2 θ
cos 2θ
λHχ
)
· v2 ,
m2χ′ = 2
(
cos2 θ
cos 2θ
λHχ − sin
2 θ
cos 2θ
λH
)
· v2
+7
(
cos2 θ
cos 2θ
(a · λa) λH
λHχ
)
· v2
≡ 2
(
cos2 θ
cos 2θ
λHχ − sin
2 θ
cos 2θ
λH
)
· v2 +∆m2χ′(15)
where we have assumed that the explicit-breaking effect
should be small enough to preserve an approximate scale
invariance, so that terms coming with the anomalous di-
mension a can be expanded as χa = 1 + a lnχ + O(a2).
Note that the h′ mass has no a-dependence, while the χ′-
dilaton gets corrections of O(a). The latter term reflects
the effect of LOSS as discussed in the previous section,
and for later convenience will be specifically defined as
∆m2χ′ in the last line of Eq.(15).
To demonstrate the crucial gluonic effect at the LOSS
limit, here we shall take a simple-minded ansatz: assume
the dilaton mass is around the vacuum expectation value
η. A similar situation can be seen in the current algebra
argument applied to the ordinary QCD pion, arising as
the pseudo Nambu-Goldstone boson for the spontaneous-
chiral symmetry breaking, where the pion mass scale is
nearly identical to the decay constant scale fpi. Thus
in the ideal limit we may set η = mχ′ . The physical
Higgs mass (mh′) and the EW scale (v) are fixed to be
125 GeV and 246 GeV, respectively. As to the mixing
angle θ, since the couplings of the 125 GeV Higgs h′ to
SM particles scale overall by cos θ compared to the SM
prediction and also all new particles predicted from the
present hidden QCD do not carry any SM charges, it can
be set as cos2 θ = 0.9 by referring to the current upper
bound on the Higgs coupling measurement [17]. Then,
taking a = 0.1 as a reference point in order to realize
the approximate scale invariance, we can numerically es-
timate the dilaton mass and values of other couplings to
find:
η ≡ mχ′ ≃ 282GeV ,
λHχ ≃ 0.138 , λH ≃ 0.182 ,
λa ≃ 1.014 , λχ ≃ −0.987 . (16)
From this parameter set we have ∆m2χ′ ≃ 1.051v2, hence
∆m2χ′
m2χ′
≃ 0.798 . (17)
This clearly shows that the mass of the χ′-dilaton (mostly
composed of scalar bilinear) is dominantly supplied by
the gluon condensate. This is in agreement with the re-
sults from the lattice simulation for the scalar QCD and
some other related nonperturbative computations [8–12],
even though the composite scalar mass (∼ 280 GeV) is
smaller than the order of the inverse of lattice spacing
(i.e. the cutoff scale ∼ ΛhQCD = O(TeV)) due to the as-
sumed small-anomalous dimension a at the LOSS limit.
Before closing this section, we emphasize that as long
as the value of a is small enough (a ≪ 1) the scale-
anomaly effect arising from the perturbative expansion
as χa = 1+ a lnχ+O(a2) always takes a combined form
as (a·λa) (up toO(a2)) when entering into all the effective
couplings (with making use of the stationary condition in
Eq.(13)). Therefore, the mass of χ′ dilaton is fixed to the
number in Eq.(16) whatever the anomalous dimension a
has been taken. It also implies that even in evaluating
cross sections involving the dilaton χ′, only the combina-
tion of (a · λa) can be observed and determined from the
experiment. Once we fix the mixing angle θ, the factor
(a · λa) will also be fixed to a constant automatically. So
in practice, the phenomenology of this model will not be
affected by the value we choose for the small anomalous
dimension a, which makes this model more predictive.
6III. PHENOMENOLOGICAL PREDICTIONS
FROM THE LOSS
In this section, we discuss the specific phenomenologi-
cal predictions on the light χ′-dilaton at the LHC.
A. Decay property of the χ′-dilaton
We first note that the original composite dilaton χ
is totally SM singlet, hence initially has no coupling to
fermions and gauge bosons in the SM. The χ′ couplings,
which can be sensitive to experiments, arise only due
to the mixing with the original Higgs H , which should
be small enough to be consistent with the current Higgs
coupling measurement (i.e. sin2 θ ≤ 0.10 [17]). Never-
theless, the χ′-dilaton with the mass around 280 GeV
(as in Eq.(16)) can have a chance to be generated at
the LHC through the same process as we produce the
SM-like Higgs, which would be dominated by the gluon-
gluon fusion production. (The scale anomaly arising from
the EW interactions actually provides the leading-order
χ′-dilaton coupling to diphoton and digluon (just like
the SM Higgs case), which comes from the mixing with
the SM-like Higgs via the Higgs portal coupling.) Simi-
larly, the χ′-dilaton decays into the SM particles in the
same way as the SM-like Higgs with the mass around 280
GeV, where the dominant decay channels are expected
to be signaled by WW , ZZ, and the diHiggs modes (if
mχ′ > 2mh′).
Now, let us allow the mixing strength, sin2 θ, to vary
from the current bound (0.1) down to 0.05, in light of the
prospected reach of the high-luminosity LHC (HL-LHC)
for the Higgs coupling measurement [18]. In the ideal
limit following the simple-minded ansatz we have made
(mχ′ ≡ η), the χ′ mass mχ′ is estimated to be given as
a function of sin2 θ, as shown in Figure 1. There we see
that the χ′ mass is necessarily greater than twice of the
Higgs mass, which kinematically allows the decay into
diHiggs.
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FIG. 1: The physical dilaton (χ′) mass as a function of sin2 θ
To discuss the χ′ decay property, we should also study
the trilinear couplings among the χ′ and the h′. The
definitions for the couplings we use are:
Ltrilinear = − 1
3!
λh′h′h′h
′3 − 1
3!
λχ′χ′χ′χ
′3
− 1
2!
λh′h′χ′h
′2χ′ − 1
2!
λh′χ′χ′h
′χ′2 . (18)
Note that for these trilinear couplings, the sign of trigono-
metric function becomes important. In particular, one
can easily check that the λh′h′χ coupling relevant to the
χ′ → h′h′ decay is expressed by the expansion in powers
of the anomalous-dimension parameter a:
λh′h′χ′ = 2 ·
{
12 ·
(
λχ + λa
(
1 +
13
12
)
a
)
· η sin2 θ cos θ
+3λHv sin θ cos
2 θ
+2λHχ sin θ cos θ(v cos θ + η sin θ)
−λHχ
(
v sin3 θ + η cos3 θ
)}
, (19)
with terms of O(a2) omitted. Therefore, by varying the
input mixing angle, the partial width for χ′ → h′h′ as
well as the total decay width (Γχ) will have an explicit
dependence not only on the sin2 θ, but also on the sign
of cos θ.
Figure 2 shows the total width Γχ plotted as a func-
tion of sin2 θ for cos θ > 0 and cos θ < 0. Figure 2 in
combination with Fig. 1 implies that the χ′-dilaton is a
sufficiently narrow resonance having the width-to-mass
ratio around 10−3 − 10−2. In Table I we list the esti-
mated numbers for the χ′-branching ratios together with
the total width for some particular choices for the an-
gle θ including the sign ambiguity. In Figure 3, we plot
the branching ratios for the dominant WW , hh, and ZZ
decay modes as a function of the mixing angle.
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FIG. 2: The χ′-total decay width Γχ as a function of sin
2 θ,
in unit of GeV.
7sin2 θ cos θ mχ′ [GeV] Γχ[GeV] Br(WW ) [%] Br(hh) [%] Br(ZZ) [%] Br(bb¯) [%] Br(γγ) [%]
0.1 + 282 1.023 44.9 35.3 19.7 0.095 0.00071
0.1 - 282 0.760 60.4 12.9 26.5 0.128 0.00095
0.05 + 298 0.494 57.2 17.3 25.4 0.103 0.00083
0.05 - 298 0.513 55.1 20.2 24.5 0.100 0.00080
TABLE I: Numerical results for total decay width and branching ratios of the χ′-dilaton, with the mixing angle varied
.
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FIG. 3: The χ′-branching ratios for the dominant WW
(dashed curves), h′h′ (dotted curves), and ZZ (solid curves)
decay modes, as a function of the mixing angle with the sign
ambiguity by cos θ.
B. Effect on the Higgs trilinear coupling
Similarly to the λh′h′χ′ coupling, the Higgs trilinear
coupling λh′h′h′ in Eq.(18) explicitly depends on the sign
of mixing angle as well as the anomalous-dimension pa-
rameter a:
λh′h′h′ =− 4 sin3 θ
[
λχ +
(
1 +
13
12
a
)
λa
]
η
+ cos3 θλHv
− sin θ cos θλHχ (v sin θ − η cos θ) , (20)
up to terms of O(a2). It turns out that the present LOSS
model (with nonzero a) can provide a significant differ-
ence from the SM’s prediction, as well as the prediction
from the classical scale-invariant model (with a = 0).
For simplicity, we may take sin2 θ = 0.1 and compare
the Higgs trilinear coupling for these three models in
the unit of the EW scale v. In the SM, the straight-
forward calculation yields λhhhv |SM ≃ 0.75. In the clas-
sical scale-invariant hidden scalar QCD (i.e. a = 0),
λh′h′h′
v |a=0 ≃ 0.652 for cos θ > 0 and λh′h′h′v |a=0 ≃−0.522 for cos θ < 0. So, the Higgs trilinear coupling
is totally decreased by about 13% or 30% with respect
to the SM’s value. Including the LOSS correction with
a = 0.1, we find λh′h′h′v |LOSS ≃ 1.01 for cos θ > 0 and
λh′h′h′
v |LOSS ≃ −0.702 for cos θ < 0. Therefore, we can
either maximally have about 34% enhancement to the
SM’s value, or have a nearly intact Higgs trilinear cou-
pling in magnitude.
Therefore, in addition to the predicted χ′-dilaton spec-
trum and its coupling property, from the difference of the
Higgs trilinear coupling we may note the significance of
including the nonperturbative scale-anomaly effect from
the hidden gluons condensate. This would allow us to
emphasize that if any deviation regarding the Higgs tri-
linear coupling can be found in the future collider exper-
iments, then it could be a significant signal for probing
the hidden scalar QCD at the LOSS limit.
C. Predicted diHiggs signals
Now we discuss the predicted diHiggs production cross
sections at the LHC including the χ′-dilaton exchange
contribution at the LOSS limit. The diHiggs signals are
dominantly generated by the gluon-gluon fusion through
the top-quark box diagram and the top-quark triangle
diagram involving the Higgs or the dilaton exchange. To
see how the χ′ resonance contributes, we shall just take
the heavy top-quark limit (mt → ∞) to show the ana-
lytic expression for the total diHiggs cross section at the
leading order (LO)in the QCD perturbation#6:
σ(gg → h′h′)
∣∣∣∣∣
LO
mt→∞
=
α2s
512(2pi)3v2
· b2t · sˆ
√
sˆ− 4(mh′)2
sˆ
×
∣∣∣∣1v cos2 θ − λh′h′h′ cos θsˆ− (mh′)2 + imh′Γh′
− λh′h′χ′ sin θ
sˆ− (mχ′)2 + imχ′Γχ′
∣∣∣∣
2
, (21)
where bt =
2
3
given in the heavy top-quark limit, αs ≃
0.118 which denotes the fine-structure constant for the
QCD gauge coupling evaluated at the EW (Z boson
mass) scale [19], sˆ is the total center of mass energy at
the parton level, and Γh ≃ 0.0041 GeV is the total decay
#6 The finite top mass effects at LO will be taken into account later.
8width of the Higgs boson predicted in the SM [20]. As it
will turn out, the diHiggs cross section is almost (more
than 80% in magnitude) saturated by the χ′-resonant
term (the last term in Eq.(21)), mainly because the pre-
dicted χ′ mass (as in Fig. 1) is quite close to the threshold
for the on-shell diHiggs production along with a sizable
enough effective-trilinear coupling (sin θ · λh′h′χ′).
The diHiggs cross section via the gluon-gluon fusion
process at the LHC is evaluated by the convolution inte-
gral as
σ(pp→ h′h′) =∫ 1
τ0
dx1
∫ 1
τ0/x1
dx2 fg/p(x1, µF )fg/p(x2, µF )σ(gg → h′h′) ,
(22)
where fg/p denotes the parton distribution function
(PDF) for gluon parton in the proton and x1,2 are the
Bjorken variables relating the sˆ to the center of mass en-
ergy for the proton-proton collision, s, like sˆ = x1x2s.
The kinematical cutoff parameter τ0 (normalized by s)
will be set to the threshold energy for the diHiggs pro-
duction: τ0 = (2mh)
2/s, and the factorization scale µF
will be taken as µF =
√
sˆ.
To get a rough estimation on the χ′ contribution to the
diHiggs cross section, we first attempt to work on the LO
estimation at the heavy top-quark limit by simply setting
the parton-level cross section σ(gg → h′h′) in Eq.(22) to
the one displayed in Eq.(21). In that case, the convolu-
tion integration in Eq.(22) is easily computed by using
the CUBA package [21] implementing the CTEQ6L1 parton
distribution function [22] in Mathematica with the help
of a PDF parser package, ManeParse 2.0 [23]. By vary-
ing the value of sin2 θ in the range from 0.05 to 0.1, we
can thus numerically evaluate the diHiggs cross section
at the LHC with the center of mass energy
√
s set to
13 TeV, to find that the χ′ contribution from the last
term in Eq.(21) is highly dominant to saturate the total
cross section by about (78%, 92%) for sin2 θ = (0.10, 0.05)
with cos θ > 0, and (99%, 93%) for sin2 θ = (0.10, 0.05)
with cos θ < 0. This remarkable dominance arises be-
cause the on-shell χ′ production with the narrow width
as in Fig.2 has been realized, and also due to the thresh-
old enhancement for the on-shell diHiggs production by
the χ′ resonance with a large effective trilinear coupling
(sin θ · λh′h′χ′) comparable to the effective Higgs trilin-
ear coupling (cos θ · λh′h′h), which overwhelms the de-
structive interference with the top-box graph, though the
latter also gets somewhat more stringent than the SM
case. Thus, just to demonstrate the essential feature of
the present LOSS prediction for the diHiggs event at the
LHC, it would be sufficient to approximate the diHiggs
cross section just by the χ′ resonant part.
To be more accurate, it is also necessary to take the
finite top mass effects into account at LO. Since the di-
Higgs production is highly dominated by the on-shell χ′
production decaying to diHiggs #7, we may simply esti-
mate the finite top mass correction to Eq.(21), by multi-
plying the scale factor like:
b2t (mt)
b2t
≃ 1.5(1.6) , for sin2 θ = 0.1(0.05) , (23)
where bt(mt) = (sin
−1[
mχ′
2mt
])2 arises from the top-quark
triangle loop function. Including this scaling factor,
we can roughly estimate the diHiggs cross sections at
the LHC with
√
s = 13TeV as a function of sin2 θ, as
shown in Fig. 4. The sin2 θ, ranged from 0.1 down to
0.05, would monitor the currently accumulated luminos-
ity relevant for the diHiggs event with L = 36.1 fb−1,
up to the prospected one realized at the HL-LHC with
L = 3000 fb−1 [18]. In the figure, we have simply multi-
FIG. 4: The predicted diHiggs production cross section
σ13TeVggF (pp → h
′h′) as a function of sin2 θ. The red horizon-
tal lines are experimental upper bounds coming from non-
resonant production, which have been scaled from the cur-
rently most stringent limit placed by the ATLAS group [25]
to a various of luminosities to be accumulated in the near
future, as described in the plot label and in the text.
plied by the K-factor for the gg-hh type, K ≃ 1.9 [24],
which comes from the next-to leading order (NLO) QCD
corrections to the diHiggs production in the heavy top-
quark limit. The figure also shows that the predicted di-
Higgs cross section are significantly larger than the SM’s
prediction. For instance, by allowing the maximal mixing
strength at present, i.e., taking sin2 θ = 0.1 and cos θ > 0,
#7 Even when the finite top mass effect is included, the on-
shell narrow-χ′ production term is roughly larger by factors of
(mχ′/Γχ)
2 ∼ 104 and (mχ′/Γχ) ∼ 10
2 than the off-shell Higgs
resonant term as well as the non-resonant box terms, and the
interference term, respectively, in the magnitude of the cross sec-
tion.
9we have:
σ13TeVggF (pp→ h′h′)
∣∣∣∣∣
sin2 θ=0.1, cos θ>0
≃ 346 fb , (24)
which is approximately 10 times larger than the SM pre-
diction. Again note that this enhancement happens be-
cause of the threshold effect triggered by the χ′ resonant
contribution with the mass around 300 GeV.
The latest and most stringent upper bound (at 95%
C.L.) for the non-resonant diHiggs production cross sec-
tion comes from the diHiggs to bb¯bb¯ channel in the AT-
LAS experiment with 36.1 fb−1 [25], which is about 434
fb (13 times the SM expectation). This bound has been
incorporated as the red-solid horizontal line in Fig. 4.
Just by naively scaling the current upper bound with re-
spect to the luminosity, we can see from the figure that
all the LOSS predictions can be probed at the luminosity
∼ 300 fb−1. In short, if any of the enhancement for the
non-resonant diHiggs cross section is to be found in the
future, then it would be a strong supporting signal for
the LOSS, which can be explored at the HL-LHC with a
high sensitivity.
At last but not least, as has been clarified recently in
the literature [26–28], the full top-mass effect turns out to
be significant for the diHiggs cross section including the
NLO corrections. It would make the K factor nonuni-
form with respect to the mass distribution function in
the invariant mass range (from 300 GeV to 1000 GeV), in
contrast to a rough overall multiplication as in the above
analysis, and would eventually make a somewhat large
deviation from the previous analysis, which has been re-
ported to reach a maximally about 50% level [26–28] in
the relevant differential distribution. Simply applying
those full-top mass dependence in [26–28] to our predic-
tion, and taking into account the high-χ′ resonant dom-
inance around 280 − 300 GeV in the mass distribution
function, we may suspect that as far as the order of mag-
nitude on the cross section is concerned, such a large
top-mass dependence would be negligible: since our pre-
dicted cross section is sharply peaked at around 280 or
300 GeV with the small enough width . 1 GeV (as seen
from Fig. 2) where the total amount of the diHiggs rate
has been saturated by & 80%, the K-factor will keep
staying as a constant to be K ≃ 1.9 [26–28]. Thus, the
LOSS predictions shown in Fig. 4, including the bench-
mark number in Eq.(24), would be intact even when the
full-top quark mass dependence is incorporated, as long
as we focus on the order of magnitude which suffices to
our central claim on the importance of the anomalous
gluonic effect on the hidden QCD-like scenario at the
LOSS limit.
D. Other χ′-resonant signatures
Finally, we discuss the resonant dilaton productions in
several channels at the LHC. Because the χ′-total width
is small enough as seen from Table I or Fig. 2, the χ′-
resonant cross section for the production of AB particles
in the final state can be evaluated safely by using the
narrow width approximation (NWA):
σ(pp→ χ′ → AB)|NWA = pi
2
8sˆ
· Γ(χ
′ → gg)
mχ′Br(AB)
×
∫ YB
−YB
dY fg/p(
mχ′√
s
eY ,m2χ′)fg/p(
mχ′√
s
e−Y ,m2χ′) , (25)
where the K factor is read as K ≃ 1.76 (correspond-
ing to the gg-h production type at the resonant mass
around 300 GeV) [24, 29, 30], and Y is the rapidity of
the A-B final state system, cutoff by the pseudo rapidity
YB = − 12 ln(m2χ′/s). Table II shows the values of several
resonant cross sections, including χ′ → γγ, χ′ → ZZ,
χ′ → WW signals, and also χ′ → bb¯bb¯ via the diHiggs
production. The table tells us that all the predicted cross
section signals in the present LOSS model are still some-
what smaller than the current upper bounds from the
LHC experiments [25, 31, 32], except the WW plus ZZ
channel for sin2 θ = 0.05, where the upper bound on the
cross section has currently been placed to be about 300
fb when the resonant mass is 300 GeV [32], close to or
below the predicted numbers listed in Table II.
In addition to the sensitive WW and ZZ channels,
more interestingly, recently the ATLAS group searching
for diHiggs to 4b signals reported an excess for the reso-
nant diHiggs production at around 280 GeV with a global
significance of 2.3σ [25]. In any case, it is expected that
with increase of the luminosity and improvement more on
the detectability for the diHiggs signal as well as other
channels as listed in Table II, the present LOSS model
would be probed through some nontrivial resonant sig-
nals at the invariant mass around 280 GeV.
IV. SUMMARY AND FUTURE PROSPECT
In conclusion, we constructed an effective model for a
hidden scalar QCD at the leading-order scale-symmetry
(LOSS) limit, which properly includes a crucial gluon-
condensate effect as the nonperturbative-scale anomaly
term, and is in accordance with the indications from
the lattice simulation and other nonperturbative anal-
ysis of the scalar QCD. Remarkably, it turned out that
the LOSS model predicts a massive enough dilaton (with
the mass around 280 GeV) as well as a number of de-
tectable cross sections. This effective model is signifi-
cantly different than the conventional realization of scale-
invariant hidden-scalar QCD without the scale anomaly
effect. The difference is manifested especially in the
Higgs-trilinear coupling-term, the enhancement of LHC
diHiggs production cross section (at most about 10 time
larger than the SM prediction), as well as the other
dilaton-resonant cross sections. In this sense, our model
can potentially provide a competitive explanation for
10
sin2 θ cos θ mχ′ [GeV] σ(χ
′
→ γγ) [fb] σ(χ′ → ZZ) [fb] σ(χ′ → WW ) [fb] σ(χ′ → h′h′ → bb¯bb¯) [fb]
0.1 + 282 0.0066 158 361 117
0.1 - 282 0.0088 213 486 52.1
0.05 + 298 0.0037 97.9 220 39.0
0.05 - 298 0.0035 94.4 213 45.2
TABLE II: Numerical results for the χ′-dilaton resonant cross sections for different final states. The numbers for the 4b signals
through the diHiggs production process have also been listed by referring to the diHiggs-cross section values in Fig. 4 with the
branching fraction to bb¯ for the SM Higgs multiplied twice.
many exotic signals beyond the SM, which can be di-
rectly tested, or presumably be excluded by the future
collider experiments, such as the high luminosity-LHC.
Finally, we want to emphasize that the existence of
the rest of hidden QCD-composite scalars, B and A0 as
seen in Eq.(4) might potentially provide us with some
new multi-component DM scenario. Moreover, the large
enough portal coupling λHχ ≃ 0.138 (see Eq.(16)) also
provides a possibility for a strongly first-order EW phase
transition in the early universe. We leave a thorough
discussion of such multicomponent DM scenario as well
as the the consequences for the EW phase transition for
future work.
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